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Edited by Julian SchroederAbstract We studied the eﬀect of loss of function in the NIP
subfamily II in Arabidopsis thaliana to assess their potential
role(s) in arsenite (AsIII) uptake. Loss of function in AtNIP7;1
led to increased plant tolerance to AsIII and reduced total As in
planta. AtNIP7;1 expression in various yeast backgrounds
increased AsIII sensitivity. In the acr3D yeast genotype,
AtNIP7;1 caused a moderate increase in AsV tolerance. Short-
term As uptake in fsp1D expressing AtNIP7;1 was signiﬁcantly
larger than that in the empty vector control.
The data suggest that AtNIP7;1 can mediate AsIII transport
and contributes to AsIII uptake in plants.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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thaliana1. Introduction
Arsenic is a mineral which predominantly occurs in the envi-
ronment in two inorganic forms, fully oxidised as arsenate
(AsV) and in reduced form as arsenite (AsIII). It is ubiquitous
in many natural environments and toxic to all life forms [1].
Many plants readily take up both AsV and AsIII which nega-
tively impacts on growth. Arsenic therefore has adverse eﬀects
on agriculture in many areas, particularly in South East Asia
where natural occurrence of arsenic is high and its accumula-
tion in crops provides the risk of arsenic entering the food
chain. Although in general AsV is more prevalent in the envi-
ronment and its uptake in plants is therefore more widespread,
AsIII toxicity is particularly problematic in wetland grown
crops where reducing conditions pertain such as paddy ﬁelds
for rice production.
Uptake of AsV in plants has been shown to occur through
inorganic phosphate transporters [2], most likely due to the
chemical similarities between arsenate and phosphate. As a
phosphate analogue, AsV interferes with crucial metabolic
processes such as oxidative phosphorylation and ATP synthe-
sis. In planta, AsV is detoxiﬁed through its reduction to AsIII
and subsequent processes that include chelation with phyto-
chelatins [3] and vacuolar compartmentation.
At equimolar concentrations, AsIII is more toxic than AsV.
AsIII has a propensity to bind to sulfhydryl groups and thus*Corresponding author. Fax: +44 (0) 1904 328666.
E-mail address: fjm3@york.ac.uk (F.J.M. Maathuis).
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doi:10.1016/j.febslet.2008.04.022has signiﬁcant detrimental eﬀects on general protein function-
ing. In analogy with bacteria [4], yeast [5] and mammals [6], it
has been postulated that AsIII may enter plants through aqu-
aporin-like transporters, speciﬁcally the so-called aquaglycero-
porins [4,7]. The latter form a subfamily within the aquaporin
family and have pore structures that slightly deviate from other
aquaporins. The altered selectivity ﬁlter in the pore region al-
lows aquaglyceroporins to conduct small non-polar moieties
such as glycerol [4,7], silicon [8], and boron [9]. AsIII would
move through aquaglyceroporins as the non-polar As(OH)3.
Improving As tolerance in crops may require a multifaceted
approach [1] but must be based on a ﬁrm understanding of
the underlying mechanisms by which As is taken up, distributed
through plants and compartmentalised. No speciﬁc plant AsIII
transporters have been identiﬁed to date. To identify potential
gene products involved in AsIII uptake, we analysed loss of
functionmutants in aquaglyceroporins ofArabidopsis and iden-
tiﬁed a mutant which lacks NIP7;1 that showed increased toler-
ance to AsIII. Yeast complementation and AsIII uptake assays
show that NIP7;1 is capable of mediating AsIII transport.2. Materials and methods
2.1. Plant material
T-DNA insertion mutants were received from NASC for all mem-
bers of the metalloid channeling aquaglyceroporins belonging to sub-
group II of the nod26-like intrinsic proteins (NIPs) [4]. For NIP5;1
SALK_122287 and SALK_012572 were acquired, for NIP6;1
SALK_146323 was acquired and for NIP7;1 SALK_057023,
SALK_042590 and SAIL_1165_G05 were acquired. Homozygous lines
were identiﬁed for each of these using LB primers (http://sig-
nal.salk.edu/cgi-bin/tdnaexpress) and gene-speciﬁc primers as designed
by the SALK site isect tool (http://signal.salk.edu/tdnaprimers.html).
Seedling RNA was collected from homozygous lines for RT-PCR anal-
ysis using 5 0 and 3 0 primers.
Wild-type, Arabidopsis thaliana (L.) ecotype Columbia (0) and mu-
tant plant seeds were surface sterilised and placed on agar plates
(10 seeds for each genotype per plate). Growth medium composition
was as described previously [10] and contained 1.25 mM KNO3,
0.5 mM Ca(NO3)2, 0.5 mM MgSO4, 0.625 mM KH2PO4 as macronu-
trients. AsV and AsIII were added to the growth medium as K3AsO4
and As2O3 , respectively, in varying concentrations as indicated in
the text. After stratiﬁcation at 4 C for two days, plates were trans-
ferred to a growth room with the following conditions (12 h,
200 lmol m2 s1 light intensity, 23/20 C day/night temperature,
RH 70–80%). seedling growth determination, plants were grown for
14 days on plates. Three to ﬁve plates were grown for each treatment.
2.2. Cloning of NIP7;1
cDNA from RNA isolated from Arabidopsis seedlings was used to
obtain a full length clone of NIP7;1. NIP7;1 was ampliﬁed with
primers AtNIP7;1_FOR GCAAGCTTAAAATGAATGGTGAGG-blished by Elsevier B.V. All rights reserved.
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TAACGTAAAAGTGAAGAAACGGAAGGGGA. As PCR tem-
plate, 20 ng of cDNA were used. PCR was performed in 50 ll
volume with 1· Phusion HF PCR buﬀer, 200 lM of each dNTP,
3% DMSO and 1· Phusion polymerase (New England BioLabs,Herts,
UK). The cycling protocol was: 95 C for 30 s; 36 cycles at 95 C for
10 s, 72 C for 30s; ﬁnal extension at 72 C for 10 min. The full length
NIP7;1 was cloned into the HindIII and EcoRI sites of pYES2 (Invit-
rogen, Paisley, UK) and used to transform the yeast strains.
2.3. Expression of NIP7;1 in yeast
Three yeast genotypes were transformed with pYES-NIP7;1 and
pYES-EV. The W303-1A parental strain, the acr3D mutant [11] which
lacks the endogenous yeast arsenite eﬄux transporter ACR3 and the
fps1D strain that lacks the arsenite uptake aquaglyceroporin FSP1
[5]. Growth of the six genotypes was assessed by pre-growth of cultures
in SD-glucose medium to an OD600 of around 1.0. After equalisation
of ODs for the diﬀerent genotypes, 2 ll, 10-fold dilution series were
deposited on plates using SD medium with galactose as carbon source
and with the AsIII or AsV concentrations as indicated in the text.
2.4. Plant AsIII uptake assays
AsIII uptake was determined in seedlings after growth for seven
days on plates containing the standard growth medium supplemented
with 5, 10 or 15 lM AsIII (As2O3). AsIII uptake in mature plants was
determined by exposing hydroponically grown mature plants (4-week-
old) to 50 lM AsIII for 6, 18 and 40 h. For both seedling and mature
plants, material was harvested by freezing in liquid nitrogen. Frozen
material was ground and approximately 100 mg was digested in 3 ml
concentrated nitric acid and 2 ml hydrogen peroxide in a CEM
MARS5 microwave (CEM, Buckingham, UK). Digests were analysed
on a Pye Unicam 701 ICP-OES spectrometer (Cambridge, UK).
2.5. Yeast AsIII uptake assays
AsIII uptake in yeast was essentially carried out as described in Ref.
[5]: cells were grown in 50 ml liquid SC medium to an OD600 of 1,
harvested and resuspended in fresh medium and exposed to 20 lM
AsIII for 30 or 60 min. Cells were then harvested, washed in ice cold
distilled water, and boiled in 10 ml of water for 5 min. Total As was
determined in the water sample by ICP-OES. Uptake assays were per-
formed on three independently grown yeast cultures.WT nip7;1-1 nip7;1-2
NIP7;1
actin
b
5’ 3’
SALK_057023
a
16008000 At3g06100
SALK_042590
Fig. 1. Identiﬁcation of T-DNA insertion mutants for AtNIP7;1. (a)
Schematic view of the two T-DNA insertions in AtNIP7;1
(At3g06100). Line SALK_057023 locates to the 3rd intron whereas
line SALK_042590 inserts at the beginning of the 4th exon. (b) RT-
PCR data obtained from leaf mRNA, using AtNIP7;1 full length
primers and actin primers as control showing the absence of transcript
in lines nip7;1-1 and nip7;1-2 (SALK_057023 and SALK_042590,
respectively).3. Results and discussion
3.1. Loss of function mutants in NIP7;1 show improved AsIII
tolerance
The Arabidopsis genome contains around 35 genes belonging
to the major intrinsic protein (MIP) superfamily [12]. Within
the MIP family, the subfamily of nod26-like intrinsic proteins
(NIPs) has nine members and in turn divides into subgroups I
and II based on amino acid composition of the Ar/R (aro-
matic/argenine residue) part of the selectivity ﬁlter in the chan-
nel pore [4,7,12]. Subgroup II contains NIP5;1, NIP6;1 and
NIP7;1 which contain the Ala/Val/Ala/Arg sequence in their
Ar/R region [7]. NIP5;1 has been shown to function as a boron
transporter in planta [9] whereas the function of NIP6;1 and
7:1 remain to be elucidated, although NIP7;1 may be involved
in silicon transport [8].
Similar aqua(glycero)porin type transporters were previ-
ously suggested to function as AsIII uptake pathways in bac-0
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Fig. 2. AtNIP7;1 expression aﬀects plant growth and As accumula-
tion. (a) Seedling growth on agar plates in control conditions and in
the presence of 100 lM AsV or 5, 7 and 10 lM AsIII. Growth is
signiﬁcantly better for both nip7;1-1 and nip7;1-2 loss of function lines
when exposed to AsIII but not AsV. Asterisks indicate signiﬁcant
diﬀerences at the 5% levels. (b) Total As in seedlings after growth on
plates containing 7 lM AsIII or100 lM AsV. Asterisks indicate
signiﬁcant diﬀerences at the 5% level. (c) Total As in 4-week-old
mature plants growing in hydroponics after exposure to 50 lM AsIII
for 6, 18 or 40 h.
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suggesting that aquaporin type transporters are responsible
for AsIII uptake [13] but no speciﬁc proteins were identiﬁed
and we therefore proceeded to acquire loss of function mutants
in all three members of the NIP subgroup II.
PCR and RT-PCR analysis identiﬁed one genuine loss
of function mutant for NIP5;1 and two for NIP6;1
(SALK_012572 and SALK_046323 respectively, data not
shown). Two independent loss of function mutants were
also identiﬁed for NIP7;1, (nip7;1-1 and nip7;1-2 in
SALK_057023 and SALK_042590, respectively) which carry
T-DNA inserts at the end of the 3rd intron and beginning of
the 4th exon, respectively (Fig. 1a). Both lines showed a
complete absence of NIP7;1 transcript (Fig. 1b). The ﬁve
mutant lines were grown together with wild-type plants in con-
trol conditions and on plates with various concentrations of
AsIII (As2O3) and AsV (K2HAsO4). No signiﬁcant growth
diﬀerence was observed between wild-type plants and nip5;1
or wild-type and nip6;1 loss of function lines, either in the
presence of elevated AsIII or AsV (data not shown). However,
both nip7;1-1 and nip7;1-2 lines showed signiﬁcantly improved
growth in the presence of AsIII but not AsV (Fig. 2a) with the
largest growth diﬀerence occurring at 7 lM. This suggested
that NIP7;1 plays a role in AsIII uptake and we decided to
further analyse this hypothesis.
3.2. Loss of function mutants in NIP7;1 show reduced AsIII
uptake
The level of total As in seedlings grown on AsIII containing
plates was signiﬁcantly lower in both nip7;1 genotypes com-
pared to wild-type plants (Fig. 2b) when plants were exposed
to 7 lM AsIII in the growth medium. No signiﬁcant diﬀerence
in total As was present after growth on 100 lMAsV. Although
not signiﬁcant, the observed diﬀerence between wild-type and
nip7;1 seedlings was mirrored in mature plants that were ex-
posed over much shorter times to AsIII: After 40 h exposure
to 50 lM AsIII there was a reduction in tissue As in the
nip7;1 mutant (Fig. 2c).a
wt:EV
wt:NIP7;1
acr3 :EV
fps1:EV
:NIP7;1acr3
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Fig. 3. Expression of AtNIP7;1 in yeast aﬀects As tolerance. (a) Expression o
to AsIII present in the growth substrate. Note that endogenous AsIII tolera
intermediate in wild-type and the least in acr3D cells. The increased AsIII
backgrounds. (b) The acr3D genotype lacks the predominant AsIII extrusio
tolerance. AsV is reduced to AsIII intracellular and AtNIP7;1 may improve3.3. AtNIP7;1 aﬀects As tolerance and As uptake in yeast
Expression of AtNIP7;1 in various yeast genotypes modiﬁed
their arsenic tolerance. We expressed AtNIP7;1 in wild-type,
acr3D and fps1D yeast to test its eﬀect on As tolerance and
As uptake. Acr3p is predicted to be a plasma membrane local-
ised protein with 10 transmembrane domains [11]. Disruption
of ACR3 led to a 5-fold increase in yeast sensitivity to AsIII,
presumably due to a lack of extrusion of inorganic AsIII or
of chelated AsIII into the external medium. The acr3D geno-
type is also more sensitive to AsV. In most organisms, includ-
ing yeast, AsV is believed to be quickly reduced to AsIII by
arsenate reductases [14]. Thus, the loss of Acr3p causes in-
creased accumulation of AsIII in the cell and therefore a larger
degree of growth inhibition [11]. When expressed in acr3D
yeast, NIP7;1 increased AsIII sensitivity (Fig. 3a) indicating
that NIP7;1 contributes to cellular AsIII load.
Fps1p encodes an aquaporin of the yeast MIP family, capa-
ble of bidirectional glycerol transport [5]. Disruption of FPS1
aﬀects cellular osmotic homeostasis but also improves yeast
arsenite tolerance, primarily through reduced uptake of this
compound. The signiﬁcant increase in AsIII tolerance in the
fps1D background suggests that Fps1p is a major constituent
of yeast AsIII uptake. AtNIP7;1 expression in the fps1D yeast
to a large extent removed the relative AsIII tolerance of this
genotype and made fps1D:NIP7;1 cells grow similarly to
wild-type cells in the presence of AsIII.
An increase in AsIII sensitivity was also recorded for wild-
type yeast cells expressing AtNIP7;1. In the wild-type, the
endogenous routes such as Fps1p are still available but
NIP7;1 can provide an extra pathway for AsIII uptake.
SinceAsV is rapidly reduced toAsIII in the cytosol andACR3
is the main AsIII extrusion system in yeast, the presence of
ACR3 activity may also impact on AsV toxicity. We therefore
grew acr3D:EV and acr3D:NIP7;1 in the presence of varying
AsV concentrations (Fig. 3). A small but consistent improve-
ment in acr3D:NIP7;1growthwas observed relative toacr3D:EV
cells. Thesedata indicate thatNIP7;1maymediateAsIII eﬄux in
the absence of ACR3 and thus reduce AsV toxicity.3 1000 µM As2O3 2000 µM As2O3
4 500 µM AsO4 1000 µM AsO4
f AtNIP7;1 inwild-type, acr3D or fsp1D yeast increases yeast sensitivity
nce varies for the diﬀerent yeast genotypes and is the largest in fps1D,
sensitivity suggests AtNIP7;1 contributes to AsIII uptake in all three
n mechanism and expression of AtNIP7;1 moderately improves AsV
AsV tolerance by increasing AsIII eﬄux capacity.
00.4
0.8
30
1.2
60
To
ta
lA
s
(µ
g/
10
8
ce
lls
)
fsp1 :AtNIP7;1
fsp1 :EV
t(min)
Fig. 4. Expression of AtNIP7;1 in fsp1D yeast increases yeast AsIII
uptake. Short-term AsIII uptake from a 20 lM As2O3 solution is
signiﬁcantly greater in yeast which express AtNIP7;1 compared to the
empty vector (EV) control leading to higher total As contents in the
fsp1D:AtNIP7;1 cells. Data are the average ± S.D. of three indepen-
dent uptake assays.
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can mediate AsIII uptake when expressed in various yeast
genotypes, irrespective of the presence of endogenous AsIII
uptake pathways. The data from acr3D furthermore suggest
that AsIII movement through NIP7;1 can also occur is the
opposite direction and therefore improve AsV tolerance by
reducing AsIII accumulation.
We further tested the capacity of NIP7;1 to mediate AsIII
uptake by measuring short-term AsIII uptake in fps1D express-
ing AtNIP7;1 in comparison to cells expressing the empty vec-
tor. Fig. 4 shows that short-term uptake of AsIII in fps1D:EV
is smaller than in fps1D:NIP7;1 conﬁrming the notion that
NIP7;1 is a major conduit for AsIII entry into yeast.4. Conclusions
As with all aquaporins, aquaglyceroporins are extremely eﬃ-
cient water transporters with rates of up to 109 s1 at 1 MPa
osmotic gradients [7,12]. Maximum rates for solute ﬂuxes
through this type of aquaporin are generally much lower but
in many physiological conditions, osmotic gradients may be
small or non-existent. In such cases, net ﬂuxes through aqua-
glyceroporins may largely exist of solute rather than water
ﬂuxes but quantitative data are yet to emerge.
The aquaglyceroporin AtNIP7;1 is expressed at considerable
levels in both root and shoot tissue (https://www.genevestiga-
tor.ethz.ch) where it may participate in the movement of small,
non-polar compounds. Our results show that loss of function
in AtNIP7;1 improves Arabidopsis AsIII tolerance and reduces
AsIII uptake into the plant root. Furthermore, heterologous
expression of AtNIP7;1 in yeast shows it aﬀects yeast growth
on AsIII and increases yeast AsIII uptake. These ﬁndings
greatly suggest that AtNIP7;1 forms part of an AsIII uptake
pathway in A. thaliana.
In the yeast acr3D genotype, NIP7;1 also improved AsV tol-
erance, indicating AsIII movement through NIP7;1 can be
bidirectional in yeast. However, we did not ﬁnd similar eﬀects
in plants. Recently, evidence was provided for AsIII eﬄux
from rice and tomato roots [15] but this was shown to be sen-sitive to the uncoupler CCCP (carbonyl cyanide m-chloro-
phenylhydrazone) and therefore likely to involve an active
transport system rather than a passive, aquaporin mediated
mechanism.
The identiﬁcation of speciﬁc gene-products that mediate
AsIII uptake may allow us to genetically engineer plants where
this function is altered, either to increase uptake for phyto-
remediation purposes [1,16] or to reduce AsIII in the food
chain [1].
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